In this paper, a three-dimensional numerical model has been developed to study the process of oxidative weight increment of coal tar pitch in a rotating kiln. Based on the two-fluid method, the gas phase is modeled by realizable k-turbulent model and the solid phase is modeled by kinetic theory of granular flow. The dense gas-solid flow, heat transfer, and oxidation reaction for the bed and freeboard regions are simultaneously solved. The model is applied to a rotating kiln with a cylinder of 0.75 m length and 0.4 m diameter in the front and circular truncated cone on exit side. The detailed verification of model is firstly performed by comparisons with the available experimental data. The particle velocity profiles, product gas compositions, and various forms of solid motion in rotary kilns are contrastively analyzed. Afterwards, simulations are carried out to obtain the primary hydrodynamic and reactive characteristics in the rotary kiln. At the steady state, the particle velocity peak is located at the active layer surface, while the velocity has the opposite direction in the passive layer. The bed region generally has a higher temperature than the freeboard due to the large thermal capacity. The concentrations of product gas compositions, such as CO 2 , CO, and CH 4 , and solid product of oxidation, increase sharply near the surface and then keep on the steady values inside the bed. The effects of rotational speed of the rotary kiln and flow rate of air are also studied. The increasing rotational speed significantly accelerates the particle movement of the active layer and raises the final oxidative yield of coal pitch spheres. By contrast, increasing the flow rate of air has little effect on the particle motion and oxidation yield of coal pitch.
Introduction
The spherical activated carbon has the unique morphology, high wear resistance, and good hydrodynamic characteristics, which plays an important role in some special applications, such as air purification, blood purification, catalyst supports, chemical protective clothing, and others [1, 2] . Traditional raw materials of activated carbon are mostly raw coal, but the reducing quantity of high-rank coal needs to expand the new production materials.
As a residue left by the distillation, a lot of coal tar pitch is produced during coal tar processing. The main components include polycyclic aromatic hydrocarbons and their derivatives. In recent years, coal tar pitch attracts more attention as a new raw material of the production of spherical activated carbon, due to its advantages of high carbon, low ash, and good plasticity [3] .
The preparation of coal pitch-based spherical activated carbon consists of four processes: pitch modulation, pelletizing, oxidation stabilization, and carbonization-activation. Oxidation stabilization is the core among the four processes, which can be further categorized into four stages, namely, light component pyrolysis, preliminary oxidation, oxidative weight increment, and constant temperature oxidative weightlessness, respectively [4] . Through dozens of hours of low-temperature oxidation, the unstable components in coal pitch are decomposed into small molecular gases or condensed into stable macromolecules. The softening point is thereby improved to ensure that the sphere of coal tar pitch will not melt and deform during the subsequent carbonization-activation process [5] . The oxidation stabilization process consumes a lot of time and energy and dramatically impacts the capability of products; thus it is critical to choose the appropriate manufacturing technology.
Mathematical Problems in Engineering
Rotary kilns are widely applied in modern industry, such as cement, metallurgy, chemicals, and energy field due to their good mixing performance, high heat transfer efficiency, and large handling capacity [6, 7] . In addition, the relatively low particle motion velocity in rotary kilns results in the small collision force between particles and between particle and wall. Considering the friability of pitch spheres and the demand of high heat capacity in the oxidation process, the features of rotary kilns are very applicable for the oxidation stabilization of coal tar pitch spheres. In the past decades, modeling and numerical simulation have been used to provide a detailed insight and quantitative guidelines for reactor design and optimization. However, existing work for rotary kilns focuses on the flow field [7] [8] [9] , mixing/segregation [10] [11] [12] [13] , and heat transfer performance [6, 14, 15] ; simulation of chemical processes in a rotary kiln is still in its infancy due to the complexity of coupling of dense gas-solid flow, heat transfer, and reactions [16] . There are only few modeling researches concerning the reacting flow for rotary kilns, which can be categorized two types. The first one is modeling the motion and chemistry under steady condition, and the other one is separately modeling the processes for bed region and freeboard region, respectively. Montagnaro et al. [17] presented a 1.5-dimensional (1.5D) model for oxy-pyrolysis of sewage sludge at the steady state in a rotary kiln. Babler et al. [18] developed a modular numerical model for biomass pyrolysis in a rotary kiln, which considered the solid bed region and gas phase domain at steady state. Mujumdar and Ranade [16] developed separate but coupled computational models for bed and freeboard regions for rotary cement kiln. The reactions in the bed region were modeled through single-phase pseudo fluid, and combustion of coal particles in the freeboard region was modeled by Eulerian-Lagrangian approach. Du et al. [19] studied the combustion of pulverized coal in the airflow of cement rotary kiln using EulerianLagrangian method, which belonged to the dilute particle flow. During the chemistry of rotary kilns, the reaction process is dynamic and complicated due to the dense particles motion, gas turbulence, and multicoupling between the gas and solid phases. Therefore, the simultaneous modeling of dense gas-solid flow, heat transfer, and chemical reactions for the whole rotary kilns is of the pressing need at present, but relevant researches have not been found in the available literature. In addition, the characteristics derived from the 2D or quasi-3D cross section might not be applicable to the 3D system due to the wall and geometry impacts on the flow field and reactive characteristics. The real 3D modeling is critical to acquire the complete information inside the rotary kiln.
The present work develops a comprehensive 3D model to study the key oxidation process, oxidative weight increment, in a rotating kiln. Based on the two-fluid method, the model simultaneously solves the dense gas-solid motion, heat transfer, and chemical reaction for the entire regions of a rotary kiln. The rotary kiln has a cylinder of 0.75 m length and 0.4 m diameter in the front and circular truncated cones on exit side. The detailed verification of model is firstly performed by comparisons with the available experimental data. Afterwards, the solid flow field, profiles of velocity and temperature, the concentrations of gas compositions (O 2 , CO 2 , CO, and CH 4 ), and the oxidized coal pitch inside the rotary kiln are analyzed. Finally, the effects of air flow rate and rotating speed of the rotary kiln on the primary particle movement and reactive characteristics are emphatically studied.
Model Descriptions
Based on the Eulerian-Eulerian (two-fluid) method and kinetic theory of granular flow, the conservation equations of continuity, momentum, energy, and species are solved for gas and solid phases, respectively. In consideration of the particularity of gas-solid motion in rotary kilns, the gas phase is modeled by realizable k-turbulent model, and Johnson and Jackson model is used for the frictional stress. The governing equations are briefly presented in the following sections, the details of which can be found in literatures [20, 21] .
. . Governing Equations. The mass equations of gas and solid phases are written as [21] 
where , , and V are the volume fraction, density, and velocity vector, respectively. The mass source term S from heterogeneous reactions is expressed as
where M, , and r represent molecular weight, stoichiometric coefficient, and chemical reaction rate, respectively. The species transport equations for two phases are [21] 
where Y i and R i are mass fraction and the net rate of species i. The diffusion flux J i takes the form
where Sc t is the Schmidt number and D is the coefficient of turbulent mass diffusion. The momentum equation for gas phase is expressed as [21] 
where p, , and u represent the gas pressure, gas stress tensor, and the particle mean velocity, respectively. The term gs s indicates the momentum exchange between the gas and solid phases.
The gas-solid interphase drag coefficient is derived from Gidaspow model [22] 
The viscous stress tensor for the gas phase is expressed as [20] 
where the g is gas shear viscosity, and gl is the laminar viscosity. The turbulent viscosity gt can be provided by turbulence kinetic energy k and dissipation rate :
where is the model constant. The realizable k-turbulence model has exhibited the significant improvements over the standard k-model, where the flow features consist of strong streamline curvature, vortices, and rotation. Therefore, the realizable k-model is used to simulate the turbulent motion of gas and solid in the rotary kiln.
Considering the complication of expressions of realizable k-model for each phase, only the fundamental transport equations are given here. Detailed expressions can be found in literature [23] .
where G k is the generation of turbulence kinetic energy and G b is the generation of turbulence kinetic energy due to buoyancy. 2 , 1 , and 3 are the constants, and the and are the turbulent Prandtl numbers. The relevant expressions are listed as follows [23] :
= (2 ) 1/2 (18)
The momentum equation for solid phase is written as [21] (
where s is the solid phase stress tensor and takes Newtonian form [21] 
The granular temperature of solid phase, Θ, can be derived from the following equations [21] : Mathematical Problems in Engineering
The solid pressure is written as [23] = +
The kinetic pressure p kinetic indicates the normal force of collision between particles, and the Lun model is used [20] .
In the bed region of the rotary kiln, solid volume fraction is very high and instantaneous particles collision is less important. The frictional stress needs to be taken into account when the solid concentration exceeds a critical value. The frictional pressure model proposed by Johnson and Jackson [24] is used in this simulation:
where the coefficients n = 2 and p = 5 [25] . The value of s,min is normally set to 0.5 for the 3D flow and the maximum packing limit s,max is 0.63. The coefficient Fr is a function of the critical solid concentration:
The frictional viscosity is expressed as
where is the angle of internal friction. The enthalpy equations are used to describe the energy conservation for gas phase and solid phase. Heat conduction, heat convection, and heat exchange between two phases are taken into account [21] .
where H, , and h represent the specific enthalpy, mixture thermal conductivity, and convective heat transfer coefficient, respectively. The S sg H s is the heat exchange because of heterogeneous reactions. The convective heat transfer coefficient between the two phases is given by
The Nusselt number correlation is provided by Gunn [20] : 
where Pr is Prandtl number of each phase.
. . Chemical Reactions. The oxidation stabilization process of coal tar pitch sphere can be categorized into four stages, which are briefly described as follows. In the first stage, the temperature is mainly in the range of 20∼140 ∘ C. The light components of coal pitch are released and weight loss is about 5∼15% at this stage. The coal pitch sphere reaches the maximum weight loss rate at the midpoint of the segment. The second stage is from 140 to 200 ∘ C, where preliminary oxidation of the pitch happens and the mass reduction rate slows down with weight loss about 3%. In this stage, with the increase of temperature, the oxidation reaction rate increases. Although there exists volatiles release, the loss of weight is small and the loss rate is slow. The third stage is located in the range of 200∼300 ∘ C. The significant oxidative weight increment of coal pitch takes place, gaining weight about 3%. At this stage, the pyrolysis is basically completed, and the oxidation rate significantly increases due to the higher temperature. The combination of oxygen makes up for the quality loss caused by the dehydrogenation of the side chain of pitch molecule. The coal tar pitch reaches the maximum weight gain rate at the midpoint of the segment. Thereafter, with the increase of temperature, the growth rate gradually decreases. Stage four is the period of constant temperature oxidative weightlessness at about 300 ∘ C. The oxidative reaction rate is basically stable, and the cross-linked polymerization of aromatics alkylation and dehydrogenation of the medium-temperature pitch take place at this stage.
As the most key oxidation process, oxidative weight increment of coal tar pitch at the temperature range of 200∼ 300 ∘ C is modeled in this paper. The primary assumptions introduced for the simplification of calculation process are listed as follows:
(1) the gaseous products of oxidation process are CO 2 , CO, CH 4 , H 2 O, and tar; the other small molecule hydrocarbons generally present in insignificant amounts and hence are neglected; (2) the equivalent formulae of the coal pitch and oxidized coal pitch are derived from the ultimate analysis of the relevant species, as shown in Table 1 ; (3) the radiative heat transfer is not taken into account because the attribution of radiation in a rotary kiln is less than 3% at the temperature of 300 ∘ C [26] .
Based on the above assumption, the solid phase consists of two species: coal pitch (before oxidation) C 7.62 H 3.44 O 0.243 , and oxidized coal pitch (after oxidation) C 7.19 H 3.1 O 0.581 ; the gas phase involves seven components: oxygen O 2 , nitrogen N 2 , carbon dioxide CO 2 , water vapor H 2 O, carbon monoxide CO, methane CH 4 , and tar. Because of minor amount of formation, the nitrogen oxide and sulfur oxide are not taken into account. During the process of oxidative weight increment, the coal pitch sphere is oxidized and volatile components are released into the rotary kiln. The composition balance of the oxidation reaction is considered as follows:
In (R1), the stoichiometric coefficient of oxidized coal pitch, m 1 , is determined based on the previous experimental data of oxidation stabilization [4] and ultimate analysis shown in Table 1 . The coefficient of tar is derived from another thermogravimetric experiment [27] . The TG and DTG curves of the pitch fractions under N 2 and air atmosphere showed that the weight loss of tar between 200∼300
∘ C is about 3%. The coefficients of gas compositions, n 1 ∼ n 5 , are obtained by the current experimental results in Table 2 and the mass balance calculation.
Guo et al. [4] experimentally studied the oxidation stabilization process of coal pitch spheres. The kinetic parameters, such as activation energy and preexponential factor, and reaction mechanism function, ( ), under four reaction stages were deduced, which were of different values and expressions. Based on the results, the equation of reaction rate and the relevant mechanism expression of oxidative weight increment are given as follows:
(38)
where m 0 , m t , and ∞ are the initial, instantaneous, and ultimate amounts of coal pitch sphere, respectively. The reaction kinetics parameters in this simulation are derived from experimental data [4] : lnA=120.24 and E=533.84 kJ/ mol.
. . Experiment System and Computational Conditions.
The experimental setup and simulation schematic diagram of the rotary kiln are shown in Figure 1 . The experiments were conducted for the oxidation stabilization of coal tar pitch sphere at Institute of Coal Chemistry, Chinese Academy of Sciences. The rotating kiln has a cylinder of 0.75 m length and 0.4 m inner diameter in the front and circular truncated cone of 0.2 m top diameter on right side, which is made of heatresistant steel and insulated with insulation material inside the enclosure. The rotary kiln is heated by the electric heaters, and the temperature rise is regulated through the subsection control program: at room temperature to 140 ∘ C, the setting time is 1 h; 140 ∼ 200 ∘ C, the setting time is 5 h; 200 ∼ 300 ∘ C, time is set to 10 h; constant temperature at 300 ∘ C, the time lasts 1 h. The air is continuously introduced to the rotary kiln from four small pipes at the left side. As a batch reactor, this rotary kiln is horizontal and the particles of oxidized coal tar pitch are extracted at the end of the reaction. At the monitoring temperature range of 200 ∼ 300 ∘ C, the flue gas compositions at the exit of rotary kiln, such as O 2 , CO 2 , CO, and CH 4 , are measured by gas analysis instrument in real-time monitoring. For the sake of simplicity, the typical measured data at 200 and 300 ∘ C are given in Table 2 . The measurements are repeated nine times for averaging at each temperature point. The oxidized coal pitch spheres are sampled for elemental analysis at intervals of 10 ∘ C and the elemental composition before and after oxidative stabilization is presented in Table 1 . The results obtained from the experiments will be used for the kinetic data and comparative basis. In this paper, the 3D Eulerian-Eulerian model is applied to simulate the oxidation process in a rotating kiln. The base case is built in accordance with the setting of experiments. Initially, the particles of coal tar pitch are located at the bottom of the kiln with solid volume fraction of 0.55, and the packing limit is set as 0.6. The air is introduced into the kiln through four gas inlets at a specified velocity. At the right outlet, the boundary condition of pressure-outlet with atmosphere is adopted. At the walls, the no-slip and moving/rotational condition is set, and the fixed heat flux is specified. The second-order upwind discretization scheme is used for momentum term, while other convective terms adopt first-order upwind. The constant time step of 1×10 −4 s is set for the calculation. Detailed modeling conditions and parameter settings are given in Table 3 . The simulation was conducted based on 8 processes parallel on an Intel w5580 workstation.
The sliding mesh model is used to simulate the rotating movement of kilns. The cylindrical section is divided by hexahedral mesh, and the circular truncated cone is divided by tetrahedral mesh. Four different grid domains are tested to perform the validation of the mesh independence, which contain 222 342, 398 468, 618 327, and 788 361 grid cells, respectively. The profiles of the particle velocities along the bed depth and bed surface at x=0.375 m are shown in Figure 2 . With the increase of grid number, the velocity profiles generally reduce first and then increase, but the variation of simulation results is much little when the grid cells increase to 618 327. Therefore, in terms of the computation time and calculation accuracy, the computational domain containing 618 327 mesh cells is selected for the following work.
Results and Discussions
. . Model Validation. With the purpose of verification of the established 3D model, the hydrodynamic and reactive characteristics in rotary kilns are compared with experimental data. Considering the lack of data of particle motion in our experiments, the results from the Boateng et al. [28] are used to validate the present model. The selected particle material is the polyethylene pellet with uniformly spherical shape. The rotary drum comprises a 964 mm inside diameter and 1000 mm axial length. According to the experimental data, the flow field at an axial distance of 220 mm from the end-piece belongs to the undisturbed region. For the sake of simplification, the simulated rotary kiln length is reduced to 500 mm. The polyethylene pellets with 3.63 mm size and 960 kg/m 3 density are loaded at 3.3% fill and operated at the rotational rates of 3 and 5 rpm. Detailed particle properties and operating parameters can be found in literature [28] . Representative results including particle velocities along the bed surface and depth in the midsection are shown in Figure 3 . The surface velocity presents a parabolic profile skewing towards the bottom. The depth velocity at the midchord position presents the maximum value at the bed surface, and the velocity conforms to the tangential velocity at the wall position. Generally, the predicted results along the bed surface and depth compare well with experimental data.
Subsequently, a base case of the oxidation stabilization of coal tar pitch is applied to evaluate the predictive ability of two-fluid model coupled with chemical reaction. As listed in Table 3 , the experiments of the base case are operated at the air flow rate with 10 Nm rpm. The molar fractions of main gas compositions at the exit are shown in Figure 4 . In the process of oxidative weight increment, the elevating particle temperature from the wall heat conduction and the heat release of reaction gives rise to the increase of concentrations of exit gas compositions. It can be observed that the predicted values of three kinds of product gas, such as CO 2 , CO, and CH 4 , are basically in agreement with experimental results.
In order to further verify the range of application of the built model, the simulations are performed with a large range of rotation rates, 0.095∼9.5 rpm, which take on various forms of solid motion in the rotary kiln. The three representative flow patterns in transverse section and the transition criteria (Froude number and filling degree) characterized by Mellmann [29] are given in Table 4 as the baseline. The contours of predicted solid concentration and particle velocity vector, as well as the criteria number, are illustrated in the last five rows in Table 4 . With regard to the three rotation rates (0.095, 0.95, and 9.5 rpm), the relevant Froude numbers, Fr, are the 2.04×10 −6 , 2.04×10 −4 , and 2.04×10 −2 , respectively, and the filling degree, , is about 0.11. According to the transition criteria, the rotary kiln is operated at surging, rolling, and cascading modes, respectively. The flow characteristics revealed by solid volume fraction and velocity vector are consistent with those of reference modes.
In conclusion, the developed 3D numerical model has successfully predicted the hydrodynamic and reaction characteristics, as well as various motion modes for the typical rotary kilns. Therefore, it can be applied to the further study on oxidation stabilization process of coal tar pitch in a rotary kiln.
. . Particle Motion Characteristics. Because the oxidative weight increment is a slow oxidation reaction, the simulation of whole temperature rising process consumes considerable computation time. The base case might cost about eight months under the current computational conditions. Therefore, air flow rate and rotating speed are substantially increased to accelerate the oxidation reaction in the sensitivity analysis of parameters. The key parameters of the following simulation are air flow rate, 50 Nm 3 /h, and rotational speed, 1.43 rpm.
In the rotary kiln, the particles located at the bottom move with the kiln wall by viscous friction force between particles and internal wall, and then the inner particles start moving by viscous force among particles. With the rotation of the kiln, particles on the bed top slide down to the bottom, and another circle will begin when these particles move with the kiln wall. Overall, the variation of particle distribution in the rotary kiln slows after a period of time. In the present simulation, the particle movement reaches the quasi-stable state 5 s after the initial computation. Figure 5 illustrates the profiles of particle volume fraction in the cross and vertical sections of the kiln (t =10 s). It can be observed that particles assemble in a specific region, namely, bed region, which has a local high concentration. The bed surface takes on a typical wave form rather than flat plane in the cross section.
To better display the simulation results inside the kiln, postprocessing coordinate is applied for the data processing. Figure 6 is the coordinate schematic of the cross section of the rotary kiln used in present simulations. The origin of Cartesian coordinate is located at the center of the plane. The z-axis and y-axis of postprocessing coordinate are parallel and perpendicular to the particle bed surface at steady state, respectively. As the nomenclature shown in Figure 6 , v s is the actual velocity of particles; V is the velocity component parallel to the surface and V is the velocity component normal to the surface; L indicates the full chord of the bed; and H denotes the central thickness of the particle bed. Figure 7 illustrates the velocity vector of particles at steady state. The color and arrow represent the magnitude and direction of the velocity, respectively. The magnitude increases from the blue to red. From the vector contour and partial enlargement in the middle, it can be seen that two particle layers with opposite direction of velocity exist in the bed. The downward velocity in the upper layer is obviously larger than in the lower layer, improving the performances of mixing and heat transfer between gas and particle phases. This thin layer is called the active layer [6] . The particles in the lower layer are stacked and move upward with the kiln by the friction. The small relative velocity in this thick layer leads to the weak particles mixing and heat transfer, which is called the passive layer [6] . As displayed in left and middle drawings of partial enlargement, the particle velocity vector at the bed surface is at an angle rather than being parallel to the surface. Because of the particles collision, the particles in the outer layer bounce from the surface and drop by gravity, resulting in the velocity component normal to the surface. In the bottom region of bed surface (enlarged figure on the right), some particles could bounce off after their collision with kiln wall. These simulation results are in accordance with the data in [30] . The variation of particle velocity with the bed depth is presented in Figure 8 (a). Owing to similarity of profile shapes irrespective of the position along the chord length, the detailed analysis focuses on the results at mid-chord position [28] . It can be observed that the greatest velocity and velocity gradient appear on surface of the active layer. As the bed thickness ( , distance from surface) increases, the particle velocity dramatically decreases and reaches zero when the dimensionless thickness of the layer | /H| approaches 0.45. As the bed thickness increases to more than 45% of the total thickness (| /H| > 0.45), the particles start moving in the opposite direction, and the velocity gradient gradually reduces. When the bed thickness is larger than 80% (| /H| > 0.8), the particle velocity is basically the same as the wall rotational speed (v s / R = 1). The reason for this is the particles in near-wall region move with the kiln wall due to friction. The variation of particle velocity with different axial lengths of kiln can also be seen in Figure 8(a) . With the increase of axial length, the particle velocity gradually decreases, but the change is very small. The slightly larger velocity at x=0.05 m is on account of the little effect of particles on the far left side of the kiln. The minimum velocity on the far right side (x=0.75 m) might be ascribed to impact of particles in the region of circular truncated cone. The profiles of particle velocity on bed surface are illustrated in Figure 8(b) . Along the z direction, the particle velocity first gradually increases and then decreases. The peak velocity is located at z /L=0.7, which is the synergy of gravity and solid friction force. Meanwhile, the particles at the larger axial length have higher velocity in the upper surface region, while are of smaller velocity in the lower region.
. . Oxidation Reaction Characteristics. Figure 9 shows the temperature profile of gas phase in the different cross-sections. The temperature contours in the cross section of x=0.375 m and in the longitudinal section of z=0 m are illustrated in Figures 9(a) and 9(b) , respectively. It can be observed that the bed region generally has a higher temperature due to the large thermal capacity. The central region is the freeboard where the inlet air with low temperature mainly gathers, so the gas temperature is relatively low. Close to the bed surface, the temperature increases sharply and reaches peak value at bed surface. That is because oxidation reaction firstly takes place in this region. In the passive layer region, the temperature remains stable, and then slightly increases near the cylindrical wall of the rotary kiln due to the wall heat flux. For the different axial positions, because the entering air with low-temperature gathers in the cylindrical region, the gas temperature in the front of the kiln is lower than in the rear.
The distributions of solid temperature in the cross section and in the longitudinal section are illustrated in Figures  10(a) and 10(b) , respectively. The temperature profiles of solid phase are generally in accordance with those of gas phase, except for the peak value. The solid temperature at the bed surface is lower than gas temperature, and no obvious peak exists for the solid phase. The discrepancy of physical property gives rise to the higher temperature rise for the gas phase. It is worth noting that the particles with solid volume fraction of less than 0.01 are neglected so the bed surface in the figure is not very smooth.
Figures 11-14 illustrate the concentration profiles of four main gas compositions, namely O 2 , CO 2 , CO, and CH 4 . As shown in Figure 11 , O 2 primarily gathers in the freeboard region, and decreases suddenly at the bed surface due to oxidative reaction. When entering the bed region, the O 2 concentration almost approaches zero, because high concentration of coal pitch sphere leads to the huge consumption of O 2 . Along the axial direction, the O 2 concentrations in the cylindrical region (x<0.75 m) are apparently higher than in the back of the kiln (x>0.75 m) as a result of the gas diffusion and oxidative reaction. The middle section of cylinder has highest O 2 concentration in the freeboard region, as a result of the inlet air gathering. As a product of oxidation reactions, CO 2 concentration takes on a nearly opposite profile of the reactant of O 2 , as shown in Figure 12 . That is, CO 2 molar fraction has a low value in freeboard region, and then increases sharply close to bed surface, and finally remains stable inside the bed. The CO 2 concentrations in the cylindrical region of the kiln are apparently lower than in the back, and the middle of cylinder is of minimal CO 2 concentration in the freeboard. In Figures 13 and 14 , the concentration profiles of CO and CH 4 have the similar variation trends with that of CO 2 , the only difference existing in the magnitude of concentration. As can be seen from Figures 11-14 , a circular truncated cone is located at right side (x=0.75∼0.95 m) and connected to a cylinder with 0.2 m diameter (x>0.95 m). The product gas such as CO 2 , CO, and CH 4 tends to concentrate in the exit section, while the air is of lower concentration in this region. However, since the coal pitch particles are concentrated at the bottom of the reactor ( Figure 5(b) ), the locally uniform distribution of gas components caused by the geometry has little impact on the oxidation process.
The contours of concentration profile for oxidized coal tar pitch in the cross section and longitudinal section are shown in Figure 15 . It should be noted that the color in the figure presents the mass fraction of the oxidized coal pitch. In general, the higher concentration of oxidized coal pitch exists at the top of the bed because of the elevated temperature and plenty of oxygen. Since the coal tar pitch sphere assembles in the bed region, the mass fraction of oxidized coal pitch approaches to zero in the freeboard region. At the bed surface, the concentration of the oxidized yield of coal tar pitch increases suddenly and keeps on a steady value in the passive layer region. The profiles of solid concentration along the axial position are similar to those of gas phase. Considering the high concentrations of O 2 in the middle region, and the O 2 consumption along the axial distance due to oxidation reaction, the mass fraction of oxidized coal pitch in the front of the kiln is larger than in the rear. (K)   585  570  555  540  525  510  495  480  465  450  435  420  405  390  375  360  345  330  315 
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. . Effects of Air Flow Rate and Rotational Speed.
To investigate the effects of operating parameters on the gas-solid flow and oxidation reaction characteristics, flow rate of air and rotational speed are changed within a relatively wide range. The particle velocity profiles, temperature profiles of gas and solid, the product gas, and oxidized yield of coal tar pitch are analyzed in the following section.
. . . Effects on Particle Motion. The simulations are performed with air flow rates as 25, 37.5, 50, and 62.5 Nm 3 /h, while the rotating speed remains a constant value of 1.43 rpm. Figure 16 shows the particle velocity profiles along the bed depth and bed surface. As can be seen from Figure 16(a) , when |y /H| > 0.7, the four curves with the different air flow rates basically coincide, and the particle velocity of the passive layer approaches the rotation speed of the kiln. The profile shapes of particle velocity on the bed surface are roughly the same under different air flow rates. These curves in Figure 16 (b) present slightly skewed parabola, and the maximum velocity occurs at about z /L=0.75. In general, there is no definite tendency for the particle velocity with the increasing air flow, indicating that air flow rate has little impact on the particles motion. Figure 17 shows the variations of particle velocities with various rotating speeds. The kiln is rotated with the speeds of 0.95, 1.43, 1.91, and 2.39 rpm, and the flow rate of air is kept at 50 Nm 3 /h. It is evident from Figure 17 (a) that the rotational speed has a significant impact on the particle velocity along the depth direction. When the rotational speed increases from 0.95 to 2.39 rpm, the particle velocity of the active layer increases from eight times the tangential wall velocity ( ) to thirteen times the velocity, and the thickness of the active layer is also found to increase correspondingly. The increase in the rotational speed encourages more particle participation in the circular reciprocating movement of the outer layer per unit time and accelerates the update frequency of surface particles. Figure 17 (b) shows that the particle velocity along the bed surface also increases with the increasing rotational speed. When the speed increases within the range of 0.95∼ 2.39 rpm, the maximum particle velocity at bed surface gradually increases until it reaches 0.65 m/s. In addition, the increasing rotational speed gives rise to the profile of surface velocity shift towards the center of the chord (z /L=0.5), and the parabolic shape is more symmetric. In conclusion, the increase of rotating speed can significantly increase the movement speed of particles and thicken the active layer, which is conducive to the mixing and replacement of particles in the kiln. Figure 18 shows the distributions of gas and particle temperature along the negative y axis and central cross section of the rotary kiln (x=0.375 m) under different air flow rates with a constant rotational speed of 1.43 rpm. It can be found that the gas temperature is lower in the freeboard region and higher in the bed region. The temperature gradient is obviously large near the active layer region, where oxygen is well mixed with the coal pitch sphere, promoting the oxidation reaction. The gas temperature is rapidly heated by releasing heat, and the maximum value appears in this region. By contrast, the temperature profile of the particle phase remains stable throughout the bed surface, where the particle temperature is lower than that of gas phase. The slightly higher temperature of solid phase lies in the wall region of the rotary kiln due to wall heat flux, which also takes on for the gas phase.
. . . Effects on Gas and Solid Temperature.
Under different air flow rates, the temperature profiles of gas and particles basically overlap in the passive layer, only slight differences existing in the freeboard and the active layer. It shows that air flow rates have no obvious influence on the temperature distributions of gas and particles in rotary kiln. Although the increasing inlet air introduces more low-temperature gas, the higher oxygen concentration facilitates the oxidation reaction, which means more heat released from the reaction compensates for the effects of cold air. Figure 19 shows the temperature distributions of gas and particle phases along the negative y' axis at different rotational speeds with the same air flow rate of 50 Nm 3 /h. It can be found that the rotational speed also has no definite effect on the temperature profile in the freeboard, while some tendency being in the active layer and near-wall regions. With the increase of rotational speeds, the temperature of gas and solid phases gradually increases at the bed surface and near the wall, but only to a small extent.
. . . Effects on Product Gas and Oxidized Coal Pitch. The variations of product gas and solid with air flow rate are shown in Figure 20 (a). The flow rates of air increase between 25 and 62.5 Nm 3 /h, while the rotational speed remains the same value of 1.43 rpm. The calculated results of gas molar fraction adopt the form of area average at the outlet, while the mass fraction of oxidized coal tar pitch is the value of the whole kiln. With the increase of air flow rate, more O 2 takes part in the reaction. The accelerated rate of oxidation reaction gives rise to the increase of quantities of generated gas and solid. Therefore, the mass fraction of oxidized coal pitch slightly increases with the increasing air flow rate. However, the increasing flow rate of air introduces a large amount of N 2 , which has a dilution effect on the product gas and counteracts the effect of accelerated oxidation reaction. It can been seen from Figure 20 (a), concentrations of three product gas compositions, such as CO 2 , CO, and CH 4 , present a dropping trend to various degrees when the air flow rate increases. The effects of air flow rate on radial concentration profiles of the oxidized yield of coal tar pitch are illustrated in Figure 20 (b). Along the radial position, the mass fraction of oxidized coal pitch has an abrupt increase and reaches its peak near the bed surface because of the higher temperature and O 2 concentration. As the flow rate of air increases, more oxidation reaction takes place and the oxidized yield of oxidized coal pitch gradually increases in the bed region. Figure 21 shows the variations of product gas and solid with rotating speed. The kiln is rotated with the speeds of 0.95, 1.43, 1.91, and 2.39 rpm, and the flow rate of air is kept at 50 Nm 3 /h. As the rotating speed increases, the contact area and time between air and coal pitch sphere increase, which effectively enhances the oxidation reaction. Therefore, the final oxidative yield of coal pitch spheres increases with the increasing rotating speed. The concentrations of main product gas, including CO 2 , CO, and CH 4 , are almost the same because the gas dilution offsets the accelerated oxidation.
The radial concentration profiles of oxidized coal pitch at different rotational speeds are presented in Figure 21(b) . When the rotational speed increases, the oxidized yield of coal tar pitch in the bed region and the peak value on the bed surface gradually increase due to the enhanced oxidation reaction. Because fewer discrete particles appear above the bed surface and bed thickness reduces with the increasing rotational speed, the radial position of abrupt increase of oxidized coal pitch slightly moves backward.
Conclusions
In this paper, the two-fluid method and kinetic theory of granular flow are combined with heat transfer and reaction, which is applied to simulate the process of oxidative weight increment of coal tar pitch in a rotating kiln. The dense gassolid motion, heat transfer, and chemical reaction for the entire regions of the kiln are simultaneously solved. Based on the model validation, the simulations are carried out to give the detailed particle movement and reactive characteristics in the 3D space. The effects of air flow rate and rotating speed on the profiles of particle velocity and gas-solid temperature, the exit gas composition, and oxidized coal pitch are also studied. The primary conclusions can be drawn as follows:
(1) The developed 3D numerical model has successfully predicted the hydrodynamic and reaction characteristics, as well as various motion modes (surging, rolling, and cascading mode) for the typical rotary kilns. The calculated results are consistent with experimental data.
(2) After reaching a steady state, a wave shape forms on the bed surface. Due to the particles collision, the particle velocity vector is not parallel to the surface. The particle velocity peak is located at the active layer surface and dramatically decreases along the bed thickness, after that the particle velocity turns into opposite direction in the passive layer.
(3) The bed region generally has a higher temperature than the freeboard due to the large thermal capacity. The highest gas temperature exists at the bed surface, and the temperature remains stable in the passive layer region. No obvious peak of temperature exists for the solid phase. Meanwhile, the gas and solid phases have slightly higher temperatures near the wall of the rotary kiln.
(4) The main compositions of product gas include CO 2 , CO, and CH 4 , and the generated solid species is the oxidized coal pitch. The concentrations of gas product and oxidized coal tar pitch increase sharply near the surface and then keep on a steady value in the passive layer region. (5) There is no definite tendency for the particle velocity with the increasing air flow rate. By contrast, the increase of rotating speed can significantly accelerate the particle movement and increase the thickness of active layer, which is conducive to the mixing and replacement of particles in the kiln. (6) The air flow rate has no obvious influence on the temperature profiles of gas and particles inside the rotary kiln. With the increase of rotational speeds, the temperatures of gas and solid phases have an increasing trend at the bed surface and near the wall, but only to a small extent. (7) The increasing rotational speed effectively enhances the oxidation reaction. The final oxidative yield of coal pitch spheres increases with the rotational speed, while the concentrations of product gas compositions, such as CO 2 , CO, and CH 4 , are almost the same because of the gas dilution. In comparison, increasing the flow rate of air has little effect on the particle motion and oxidation yield of coal tar pitch. 
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